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ABSTRACT

In this paper we have presented a simple theoretical model that

provides a detailed understanding of aniline polymerization kinetics in a

monolayer. Even though the model is primitive, it agrees very well with

our experimentally measured data. The rate constant and activation energy

obtained in our previous study from the modified Gee and Rideal equation

have been found as geometric and arithmetic means, respectively, of values

which correspond to the initiation and propagation steps. This model

allows us to predict an average degree of polymerization and thus an

average molecular weight and the fraction of reacted monomer at any stage

during the polymerization reaction. Also, some predictions regarding the

temperature dependence of molecular weight can be made from this model.
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INTRODUCTION

Among all conducting polymers, polyaniline is among the most

studied material due to its electrical conducting properties and good

thermal stability in the presence of oxygen and moisture.1 -3 It is

structurally unique in that nitrogen atoms occupy the bridging position in

its backbone and are a part of the ic structure. It is also unique among all

conducting polymers in that its electrical properties can be controlled both

by the main chain oxidation state and the level of protonation.4 ,5

Polyaniline exhibits multiple color changes depending on both oxidation

state and pH.6 -8 The above features have resulted in a number of potential

applications. 9 -14

Polyaniline and its derivatives are usually synthesized by standard

techniques in isotropic media. It can be prepared chemically using

different oxidizing agentsl 5 -19 or electrochemically in aqueous or non

aqueous media.2 0 -2 4 Some o-substituted anilines have also been

polymerized at an air-water interface using the Langmuir-Blodgett (LB)

technique. 2 5 -2 8 In this technique a reaction occurs under anisotropic

conditions caused by the surface induced orientation of the monomer, and

the polymer chains in the resulting monolayer may have enhanced long

range configurational, orientational, and positional ordering and greater

anisotropic properties than polymers synthesized by conventional methods.

Although a large number of papers have been published on the

preparation of polyaniline and its properties, the kinetics of polymerization

and the corresponding mechanism are still under discussion. Even though

a complete description of aniline polymerization kinetics clearly involves
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several rate constants, published work has described only two rate constants

and a detailed theoretical treatment is lacking. In the electrochemical

polymerization of aniline, Wei, et al.2 9 proposed that the overall rate of

polyaniline formation depends on at least two rate constants, a constant for

initiation (ki), and one for the rate of propagation (kp ). ki is the rate

constant before polymer is formed on the electrode while kp is the rate

constant when polymer exists on the electrode. Since ki is much smaller

than kp, the initial rate constant was neglected in calculations of the

polymerization rate and activation energy. Gregory, et al. also used a

similar kinetic model for the chemical polymerization of aniline in

aqueous solutions.30

Recently our group has adopted the monolayer polymerization

approach as a possible means of understanding aniline polymerization

kinetics. 3 1 In this study the equation derived by Gee and Ridea13 2 -3 4 was

used to determine a single rate constant. This constant was calculated from

the maximum value of the average barrier speed and the corresponding

mean molecular area. However, this equation is very simple and does not

account for some of characteristics of the polymerization mechanism

described above. In particular, there is no consideration of the important

difference between the rate constants for the initiation and propagation.

The aim of this paper is (1) to construct a theoretical model for the

polymerization kinetics involving a rational formulation of the rate

equations using at least two constants, (2) to establish relationships between

the experimental results and the theory in order to calculate and interpret

Ea at different stages of the polymerization, (3) to use this information to

predict a molecular weight at any temperature and at any time during the
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Langmuir polymerization reaction, and (4) to discuss the reaction rate

constant and activation energy obtained from the modified Gee and Rideal

equation.
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EXPERIMENTAL

The synthesis of the 2-pentadecylaniline used in the study of the

monolayer polymerization kinetics is reported elsewhere. 3 5 Polymeri-

zation was carried out at constant applied surface pressure in a commercial

Langmuir trough LB-5000 (KSV Instruments, Finland) equipped with a

computerized control and one or two barriers. Surface pressures were

measured using the Wilhelmy plate film balance method with a platinum

plate that was carefully pre-wetted and zeroed in clean sub-phase prior to

measurement. The interior trough surfaces and the barrier were made of

Teflon. The trough and sub-phase temperature was controlled (to ± 0.1 °C)

by passing water from a constant temperature bath through channels below

the trough. The sub-phase temperature was measured with either a

calibrated thermometer or a Teflon coated thermocouple.

In all polymerization experiments, monomer was spread on a sub-

phase consisting of a homogeneous mixture of O.lM H2SO4 and 0.03M

(NH4)2S208. Ammonium persulfate acts as an oxidizing agent and has

been used for chemical polymerization of aniline and its derivatives. After

spreading the monomer solution, the solvent (chloroform) was allowed to

evaporate from the interface for 2 minutes. The resulting monolayer film

was then compressed (90 A2 molecule-lmin-1) until the desired applied

surface pressure was reached. The surface pressure was maintained

constant during the entire reaction by moving the barrier, and the reaction

was monitored either by measuring the change in mean molecular area or

the average barrier speed. The zero of reaction time was taken as the

point at which the surface pressure reached a desired value.
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Polymerization experiments were repeated at least three times. The

reproducibility of both the time at which the maximum barrier speed was

achieved and its magnitude under given conditions was typically better than

±2%.
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THEORY AND RESULTS

Typical curves for the polymerization of 2-pentadecylaniline at the

air-aqueous interface are shown in Figure 1. In this figure, the mean

molecular area and the average barrier speed are plotted versus time. A

monotone decrease in the mean molecular area was observed during the

polymerization reaction. This is due to the replacement of van der Waal's

radii by covalent bonds between monomer molecules, and changes in their

conformation. 2 5 ,26 The average barrier speed increased from an initial

value of zero, reached a maximum, and then decreased to zero (or

negligible value). When the mean molecular area achieved a constant value

or the average barrier speed dropped to zero, the reaction was considered

complete.

Figure 1.

Polymerization is initiated by the activation of monomer molecules

through the formation of a radical cation intermediate. This process

involves monomer protonation by sulfuric acid and oxidation by persulfate

ions, both diffusing to the surface from the bulk subphase. As a result the

polymerization reaction is not strictly two-dimensional. The initiation step

is followed by the coupling of two radical cations to form a dimer

(referred to in the subsequent text as initiation) which constitutes the rate-

determining step in the polymerization process. The dimer and all other

oligomers (including the polymers) have lower oxidation potentials than

monomer 2 9 and have the ability to catalytically oxidize a neutral aniline

molecule. Thus, polymerization occurs via oxidation of the growing

polymer chain and the addition of an activated monomer molecule



(referred to in the text as propagation), in such a way that every addition is

easier than the previous one. The products from either the initiation or

propagation steps must then be re-activated before another reaction can

occur. In principle, polymerization could also occur through the coupling

of oligomers and longer species. However, we do not consider such

coupling since (1) in a surface reaction the oligomers are sterically trapped

and diffuse slowly compared to a monomer making it less probable for an

oligomer to find another oligomer rather than an unreacted monomer, (2)

such coupling would have to be head-to-head, a process that is known to be

negligible under highly acidic conditions2 3 and also, in our case, sterically

unfavorable, and (3) it has been shown in both the solution3 6 and the

monolayer 3 7 that the molecular weight versus conversion is similar to that

of a chain growth mechanism, and not to one of step growth. The

activation of isolated monomer molecules is not very likely, but the

presence of polymer chains considerably increases the rate of this step.3 8

The self-catalysis of the polymerization process will then result in an

activation energy for the propagation much smaller than for the initiation.

Thus, our simplified approach will incorporate two rate constants: ki for

initiation and kp for propagation, the latter being much larger than the

former.

In view of the above facts, we suggest the following

approximate for a chain polymerization

PI + P1 i"P2

k
P2 +P 1 - 2 -P 3

.............. (1)
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Pn +P1 kp 4Pn+1

where Pn denotes a polymer chain composed of n monomer units or an n-

mer (P1 denotes monomer), and ki and kp are the rate constants for

initiation and propagation, respectively. It must be recalled that the

incorporation of a monomer molecule by a polymer chain takes place only

after oxidation of both the monomer and the chain end. Since the oxidation

of long chains is easier than that of shorter chains, monomer addition is

easier for the former, and chains of different length will have different
rate constants for propagation such that kp(n+l) > kpn). Polymerization

kinetics with non-equal propagation constants have already been discussed

in the literature3 9 ,4 0 and could be included in our study. However, in our

case we assume that this effect will not be very noticeable because chain

oxidation is not the slow step in the addition of monomer to the chain.

Alternatively, monomer activation will very likely be the rate-determining

step. Therefore in the following, a single value for the propagation rate

constant, kp, will be used.

The rate equations corresponding to the steps shown in (1) are

AM 00
dN1 = 2kiN 1

2 -kpNI XNi
dt i=2

dN2 = kN12 _ kpN1N2 (2)

dNn = kpN1Nn-i - kpN 1Nn , n>3dt

where Nn represents the number of n-mer molecules. The initial conditions

are
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Ni(O) = N, and Nn(O) = 0 forn>2. (3)

Introducing the new independent variable (a reduced time)

t
r =f Njdt (4)

0

into eq. (2), transforms them into a system of ordinary linear differential

equations, namely

dN1= - 2ki1N - kp Ni
d~r i=2

dN 2 = kiN 1 - kpN 2  (5)

dr

dNn = kpNn_1 - kpNn, n>3d~r

This system can now be solved by means of a Laplace transformation and

the solution of the resulting linear system of algebraic equations. However,

it is simpler to rewrite eq. (5) in terms of Ni and the variable

00

0= 1 N (6)
i=2

The resulting system of equations is two in number. These are

dN = -2kiN 1 - kpO, and - = kjN (7)

and they can easily be solved simultaneously to yield

N j('r) = N e-kiUrcOs(kT) k- sin(k-r)}

0(r) = N ki e-ki• sin(kr) (8)
k
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where

k = (k;-kj) (9)

and will be denoted hereinafter as the (geometric) average rate constant for

the polymerization process.

Before proceeding further, we introduce two observables of well-

known experimental relevance - namely, the number-average and the

weight-average molecular weights. These are defined, respectively, as

0O

___ NN- (10)Mn Z MlN_/ =M l+0

i=1

and
Sj2 Ni •i2 NJ

M = M 1 i= =M1i=N (11)

1 iNi
i=l

where M1 is the molecular weight of the monomer molecule. Then, eq.

(8) allow for a straightforward calculation of Mn, but not of Mw, which

is often the more interesting of the two. In order to calculate Mw, we

make use eq. (5) and obtain its time derivative by multiplying by i2 and

summering the resulting equations. The result is

dMw = M1 d.y2N]= - [kiNL + kp(N-N1)] (12)
dwi N b d ui n t

which can be integrated, using the first of eq. (8), to yield
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= M I+ 2kp T 2 e-ki- sin(kr) (13)

So far we have obtained N, 0, Mn, and Mw as functions of -r. These

quantities could be expressed as a function of time t by using eq. (4) and

solving for t as

F dr (14)

f N,(r)

Unfortunately, the integral in eq. (14) cannot be evaluated

analytically, but we can get some insight into the behavior of the system

without resorting to numerical integration. Indeed, it is clear from eq.

(14) that the end of the reaction (t -- **) will correspond to a finite value

of •r given by the condition N1 = 0. This value will be denoted by r.. and

can be obtained from eq. (8) as

1 k¢'** -- arctan•- (15)

The number- and weight-average molecular weight at the end of the

reaction can now be calculated by introducing eq. (15) into eqs. (10) and

(13), yielding

(Mn) = M1 LP. exp[-L arctankL] (16)

and

(Mw) Mj I + arctan 2(k-k) Ep arctan!1}
k(17) ki

(17)
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Equations (16) and (17) can be further simplified, since as we have already

mentioned ki << kp. In this case, eqs. (16) and (17) become

S--i M1(18)

and

(Nw)CO -- (Yr-2)(•n)n (19)

Equations (18) and (19) are both interesting and useful because they relate

the degree of polymerization at the end of reaction to the initiation and

propagation rate constants.

The arrangement and procedure of our experiment allows

continuous measurement of the variation of the monolayer area with time,

but it gives no information on the degree of polymerization. Therefore, it

is very useful to have expressions that allow the calculation of the degree

of polymerization as a function of the area. It is well established that the

area per monomer molecule in the monolayer can be expressed as

A = A0-N- + A (N-NN1)

N N

or
N1 - A-A.. (20)
N Ao - A

where A0 is the area per molecule at the beginning of reaction (i.e., just

after establishing the pressure) and A.. is the area per molecule at the end.

A0 characterizes the area per monomer molecule and A,. the area per

monomer unit in a polymer. Equation (20) can then be used to specify the

amount of unreacted monomer, Ni , using the measured value of A. In

order to relate the value of Ni to the average molecular weight, eqs. (8),
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(10) and (13) are treated as parametric forms of the curves (MO. vs. NI

and (M,). vs. NI , where the parameter r ranges from 0 to zo. Figure

2 shows Mw against N1 for different values of kp/ki.

Figure 2.

Thus far the rate equations have been solved in terms of r, and the

solution at zo., the reaction end point, has been analyzed. The next step is

the consideration of times close to the end of reaction, i.e., for z..- r <<

zr.. In this range,
N, + [dNi1 (T-zoo)

-N V e-ki'(- (21)

By substituting eq. (21) into eq. (14) and subsequent integration, the

following approximate relation is obtained:

Ir= r.,4i - exp(-N 4ki-k e-kiT- t)] T. - -r << r.. (22)

Note that the integral in eq. (14) runs from r = 0 to r and that eq. (21)

should only be used for times close to the end of reaction. However, eq.

(22) will prove to be a relatively good approximation at any time. (Of

course, it will be best at long times.) Figure 3 compares eq. (22) with the

result obtained by exact numerical integration of eq. (14) for the case kp/ki

= 100. Agreement is obviously very good.

Figure 3.

Equation (22) can be used to determine any of the variables of
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interest in terms of t. Here the (average) barrier speed

BS = A 0 -A.. (dNl) (23a)W dtl

is considered, since it is measured directly in our experiment. 2 6 In eq.

(23a), W denotes the width of the trough. Using eqs. (22) and (8), eqs.

(23a) can be written as

BS =- OW o ýj A -__N, = kiN + kp)(23b)

It is easy to show that this expression for BS has a maximum at

BSmax = '-j(A0-Ao)] I + j_ !(A 0 -Ao.)k

2W 2 P 2W

(24)

and that the corresponding value of T is

-max = N [ f n T + (25)

Then, the average rate constant can be obtained from the maximum value

of the barrier speed as mentioned at the beginning of this section.

However, still more information is needed in order to determine the

individual values of the two rate constants. At the beginning of the

reaction most of the monomer is still unreacted. Consequently, we can

simplify the rate equation for the monomer (first of eqs. 2) by neglecting

the second term on the right side of this equation (the term due to

propagation). Then, the rate equation becomes
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dI.. - 2kN 12  when kpt << 1 (26)
dt

and can be integrated to yield

N
N1 = (27)1 + 2kit

which indicates that a plot of N/Nl vs. t during the initial stages of the

reaction is a straight line of slope 2ki. Figure 4 shows such a plot for the

experimental data corresponding to a temperature of 25 °C and an applied

surface pressure of 10 mN/in. Indeed, the data follow a very good straight

line. Once the value of ki is obtained by this procedure, the values of k

obtained from eq. (24) can be used to obtain kp. Tables I and II show the

values of k, ki, and kp at different temperatures derived from the

experimental data for surface pressures of 10 mN/m and 20 mN/m,

respectively. The rate constants k and kp were calculated using equations

24 and 9, respectively.

Figure 4., Table I, and Table II.

The activation energy for the initiation can now be obtained using

the Arrhenius law and plotting In ki vs. lIT, as shown in Figure 5. The

activation energy for initiation in this plot is Eai = 97 KJ/mol at 10 mN/m

applied surface pressure. Equation 24 was used to calculate the activation

energy for propagation, Eap. For tiis purpose, In [ W x BSmax / (Ao -

A.) ] was plotted versus l l as shown in Figure 6. The slope of this line

is [ - (Eai + Eap) / 2R ]. Since the value of Eai is now known, Eap can be

easily computed and found to be 9 KI/mole at 10 mN/m applied surface

pressure. It is interesting to note that if the values of k were used to
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determine the activation energy, we would obtain the arithmetic mean of

these two energies, i.e., Ea = 54 KJ/mol. This average value agrees well

with our previously reported value of 53 ±1.5 KJ/mole calculated from the

modified Gee and Rideal equation. Similar calculations were also carried

out for the polymerization reaction at 20 mN/m applied surface pressure.

Results are summarized in Table III.

Figure 5, Figure 6, and Table III.

Average values of Eai + Eap match very well, within experimental

error, with our previously reported activation energies. 3 1 Thus the above

results indicate that rate constants and activation energies calculated using

the modified Gee and Rideal equation were average values. A striking

feature, however, is the pressure dependence of the two activation energies.

The activation energy for initiation actually decreases slightly with

pressure, while that for propagation increases substantially. Since, at a

given pressure, persulfate diffusion is likely to be similar near either a

propagating chain end or two colliding monomers, it is not likely to be the

major cause of this pressure dependence. The number of conformations a

chain end can assume, however, is expected to be much different than that

for a protonated monomer molecule. The hydration shell around a

growing chain end may also be different from that of a protonated

monomer. The above considerations suggest that the applied surface

pressure primarily affects collisions between monomers and chain ends, by

changing the hydration shells and/or their conformations.

It is expected that the average molecular weight at the end of

reaction should vary with temperature due to the significant difference
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between the initiation and propagation energies. Since eqs. (18) and (19)

indicate that these average molecular weights are directly proportional to
ýk-plki, and the activation energy for propagation is smaller than for

initiation, the average molecular weight must decrease when the

temperature is increased. This idea agrees with results obtained by another

group4 l in which aniline was polymerized chemically in a homogenous

bulk solution. However, certain experimental signatures of the monolayer

polymerization are similar to those found in the classical chemical method;

our results can be used to support this point of view.
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CONCLUSION

We have presented a simple theoretical model that provides a clear

understanding of the kinetics of polymerization in a monolayer. This

model agrees very well with our experimental data. Even though the

model is in primitive form, it offers clear advantages over those of

previous kinetic studies,3 1-34 and retains the essential trends of the system.

This model also provides some interesting information on the average

degree of polymerization, molecular weight, and the fraction of unreacted

monomer at any stage during the polymerization reaction. Some

predictions concerning the temperature dependence of polymerization are

also provided by the model. The rate constant and the activation energy

obtained from the modified Gee and Rideal equation have been rationalized

as geometric and arithmetic means, respectively, of the values

corresponding to the initiation and propagation steps. Finally, even though

this model was developed for polymerization of aniline in a monolayer, we

believe that it is useful for any solution polymerization having a similar

mechanism of propagation.
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FIGURE CAPTIONS

Figure 1. The area and average barrier speed vs. time during the

Langmuir film polymerization of 2-pentadecylaniline at 25°C

temperature and 20 mN/m applied surface pressure. The sub-

phase was a mixture of 0.1M H2SO4 and 0.03M (NH4)2S208.

Initial compression speed was 90 A2 molecule-Imin-1.

Figure 2. Weight - average degree of polymerization, Mw/Mi

(continuous lines) and a polydispersity, Mw/Mn, (dashed lines)

vs. the fraction of unreacted monomer Ni/N as the reaction is

taking place. (Note that the abscissa scale has been reversed so

that going to the right in the scale means advance in the

reaction.) The curves correspond to the following values of

kp/ki (from top to bottom): 500, 100, 50.

Figure 3. Comparison of the exact numerical solution of eq. (14),

with NI (,r) given by eq. (8) (continuous line), and the

approximate analytical solution shown in eq. (22) (dashed

line). The ration kp/ki has been set equal to 100.

Figure 4. Fraction of unreacted monomer vs. time for the Langmuir

film polymerization of 2-pentadecylaniline at 25°C

temperature and 10 mN/m applied surface pressure. Data for

the first 2.5 minutes of the reaction are shown in this figure.
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Figure 5. In ki vs l/T (OK-1) plot for the monolayer polymerization at

10 mN/m applied surface pressure. A linear regression

method was used to draw a straight line from experimental

data.

Figure 6. In [ W x BSmax / (Ao - Am) ] vs. T-I [*K-1] plot for the

monolayer polymerization at 10 mN/rm applied surface

pressure. A linear regression method was used to draw a

straight line from experimental data.
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Table I. Applied Surface pressure - 10 mN/m.

Temperature [°C] ki [min-1] k [min-1] kp [min-1]

15 0.00228 0.0376 0.6224

20 0.00365 0.0506 0.7051

25 0.00832 0.0750 0.6844

30 0.0168 0.1152 0.8067

35 0.0285 0.1608 0.9358

40 0.0528 0.2138 0.9185
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Table H. Applied Surface Pressure = 20 mN/m.

Temperature [°C] ki [min-1] k [min-1] kp [min-1]

10 0.00254 0.0221 0.1945

15 0.00359 0.0326 0.2996

20 0.00705 0.0571 0.4689

25 0.01268 0.0893 0.6420

30 0.02063 0.1394 0.9626

35 0.04548 0.2342 1.2515

40 0.06745 0.3315 1.6967
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Table M. A comparision of activation energies obtained by different

methods.

Surface Eai Eap Average Ea Ea (from Ea (from

Pressure KJ1/mole KJ/mole 1(/mole In k vs. Gee Rideal

lIT) Eq.)

10 mN/m 97 9 53 54 ±1.5 53 ±1.5

20 mN/m 84 50 67 68 ±1.3 66 ±3
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